A capacitive humidity sensor based on a flip-chip self-packaged process is presented. An air gap was applied to separate two electrodes of the sensitive capacitor and reduce the leakage loss especially in high humidity environment. Two typical structures of the sensor were developed. Both static and dynamic properties of fabricated sensors were evaluated. The dielectric loss tangent of both structures were less than 8‰ even at 95%RH. Meanwhile, both response time and recovery time of the sensors were short because one side of the sensitive layer was open to the air. Fig. 7. Calculated sensitive capacitance with the air gap.
Introduction
Capacitive sensors draw lasting attraction of researches due to the advantages of low power consumption, high performances and long-stability [1, 2, 3] . An ideal capacitive device is a reactive element. However, the resistance of lead wires and the leakage loss in dielectric materials increase the total power consumption and degrade the properties of capacitors [4] .
In capacitive humidity sensors, water tends to condense inside porous sensitive materials under the influence of Kelvin effect so that leakage current rises significantly with the humidity [5] . The leakage current deteriorates both nonlinearity and stability of humidity sensors and makes the capacitance varies with frequency [6, 7] . Many efforts have been made to develop circuits for leaky capacitive sensors [8, 9, 10] , but few researches on low-leakage structures were conducted.
In this paper, an air gap was inserted into a sandwich capacitor to avoid the leakage loss in a capacitive humidity sensor. A flip-chip bonding process was applied to fabricate the sensor. The sensor was self-packaged and showed low leakage even at high humidity.
2 Structure and fabrication The structure was realized by a micro-fabrication process and a flip-chip package process as shown in Fig. 2 . First, a 0.5 µm thick aluminum layer was sputtered on a glass substrate and patterned as the top electrode. Next, a polyimide film (ZKPI-600-II, POME Sci-tech Inc.) with the thickness of 1 µm was spun on the top electrode and patterned as a sensitive layer. Because ZKPI-600-II polyimide is photosensitive, it was exposed with i-line lithography (150 mJ/cm 2 ) and cured with a four-step heating process (180°C for 1 hour, 250°C for 1 hour, 300°C for 1 hour and 350°C for 0.5 hour). After that, gold stud bumps were fabricated on the pads of the top electrode with a typical wire bonding process [11] . Then the glass chip was flip-chip bonded onto a PCB board where the bottom electrode was fabricated. The temperature and pressure used to assemble were 270°C and 15 Mpa respectively. Finally the sensor was epoxy-underfilled at each corner of the chip to strength the structure.
The fabricated glass chip and PCB boards used to assemble are shown in Fig. 3 (a)-(c). Different PCB boards (with or without vent holes) were used for comparison. Fig. 3 (d) exhibits the gold stud bumps on the pad of the top electrode. To improve the stability of contact, a 2 Â 2 array of bumps were applied on each pad. The photograph of a bonded sensor is shown in Fig. 3 (e). The sizes of the sensitive capacitor are 5:5 mm Â 8 mm.
Results
Both static and dynamic properties of the sensors were tested in this paper. Static tests were performed used the equipment described in Fig. 4(a) . A dual-pressure humidity generator controlled by a computer was used to simulate the humidity environment. A LCR meter was used to test the sensitive capacitance and the leakage loss of the sensor. The results were collected by a computer. The test frequency of the LCR meter was 100 kHz. As to dynamic tests, a mechanical setup was developed to make a step change in humidity. The mechanical setup was located in the test chamber of the dual-pressure humidity generator. As shown in Fig. 4(b) , at the beginning, the sensor was sealed in a cap and the humidity outside the cap was changed. Then the cap was quickly ejected downloads to the bottom of the chamber and the sensor was exposed to a different humidity environment immediately. At the same time, responses of the humidity sensor were measured by a LCR meter and recorded to evaluate the dynamic properties of the sensor. Static test results of proposed humidity sensors are shown in Fig. 5(a) . Structures with different PCB boards (with or without vent holds) are used for comparison. Here, we call the structure without vent holes as Type 1 and that with vent holes as Type 2. The performances of both structures are described in Table I .
It is noted that the sensitive capacitance of Type 2 is less than that of Type 1 because the effective area of capacitor is reduced by vent holes. As a result the sensitivity of Type 2 is smaller than that of Type 1. However the hysteresis of Type 2 is better than that of Type 1 with the aid of vent holes.
As a plate capacitor, the sensitive capacitance C of the sensor is calculated as:
where " air and ε are the permittivity of air and the sensitive material respectively. A is the area of the sensitive capacitor, t is the thickness of the sensitive material and g is the gap between the sensitive material and the bottom electrode. As variation of " air with humidity is almost negligible, the relative change of the sensitive capacitance can be expressed as: It is obvious that the relative change of the sensitive capacitance increases with the thickness t and decreases with the gap g. A narrow gap can lead to large capacitance and high sensitivity. If g ¼ 0, the sensor will become a standard sandwich structure and the relative change of sensitive capacitance will be independent of geometrical parameters. In this paper, stud bumps were utilized and the gap g was about 20 µm.
To get a narrower gap, electroplated bumps can be applied in the further work. The leakage loss of a capacitor can be characterized by the dielectric loss tangent. As the capacitor is not an ideal element, a complex permittivity " ¼ " 0 þ j" 00 should be used to describe the device. The dielectric loss tangent is used to describe the energy dissipation of the dielectric material [12] . It is defined as:
The relationship between the dielectric loss tangent and the humidity is showed in Fig. 5(b) . In both structures the dielectric loss tangent is not affected by the humidity. Even at 95%RH the dielectric loss tangent is less than 8‰. It means that the leakage loss is negligible and the humidity sensor can be treated as an ideal capacitor.
Dynamic responses of the humidity sensors are shown in Fig. 6 . Corresponding response time and recovery time for a 90% step are summarized in Table II . The recovery process is slower than the response process in each structure. With the aids of vent holes, vapor can be exchanged more quickly so that Type 1 exhibit faster dynamic responses. As one side of the sensitive layer is open to the air, the responses of both structures are rapid. 
Discussion
Traditionally, there are two kinds of capacitive structures: Interdigited (IDE) structures and sandwich (parallel plate) structures [1, 20, 21] . IDE electrodes are widely used in gas sensors because of the simple structure and easy fabrication process. However, IDE structures usually exhibit small sensitive capacitance and low sensitivity. To increase the sensitive of IDE structures, a thick sensitive layer should be used [17, 18] . In exchange, the dynamic properties of the sensors will be degraded. In contrast, sandwich structures usually show large sensitive capacitance and high sensitivity. A thin sensitive layer improves both sensitivity and dynamic properties of sandwich structures but dielectric leakage problems should be considered. Furthermore, a porous top electrode should be fabricated to allow gases to pass though it [20] . With special materials or techniques to realize the porous layer, the fabricated processes of sandwich structures are usually complicated. Table III shows properties of some typical capacitive humidity sensors with polyimide as the sensitive material. It shows that the sensitivity of sandwich capacitive humidity sensors ranges from ∼10 f F/%RH to ∼100 f F/%RH, while the sensitivity of IDE capacitive humidity sensors ranges from ∼1 fF/%RH to ∼10 f F/%RH. In traditional sandwich structures, a breathable top electrode is critical for the properties of capacitive humidity sensors and the sensitivity tends to decrease with the thickness of the sensitive layer. To accelerate the diffusion of gas molecules, air channels inside the sensitive layer [14] or heating resistors under the capacitor [15] were developed. In IDE structures the sensitivity tends to increase with the thickness of the sensitive layer. To increase the sensitivity of IDE capacitive humidity sensors, a wavy structure and a thick polyimide (4 µm) were used by Kim et al. [18] . But the response time of the humidity sensor should also increase with the thickness of the sensitive layer. We must trade off static properties against dynamic properties in IDE structures.
Compared with traditional capacitive humidity sensors, the presented structure shows lower sensitivity than typical sandwich structures but higher sensitivity than IDE structures. To improve the sensitivity of the presented structure, electroplated bumps can be applied to realize a narrow gap. The relationship between the sensitive capacitance and the air gap can be evaluated by Eq. (1). As shown in Fig. 7 , if the air gap decreases to 2 µm, the sensitive capacitance will increase to about 300 pF. The sensitivity will increase as well. Moreover, with the aid of the air gap, dynamic properties of the presented structure are improved. Both air gap and air channels can improve the dynamic properties, but the fabrication process of air channels are more complicated [14] . Furthermore, it is noted that most of the reported capacitive humidity sensors are not packaged. Normally, the package will significantly degrade the properties of humidity sensors [17] . The effect of package should be taken into account when the presented self-paged structure is compared with other unpackaged structures. At last, the dielectric leakage in capacitive humidity sensors was neglected by most of the researchers. However, as the humidity rise, the leakage conduction of the sensitive material increases [4] .
Because of the leakage current, capacitive humidity sensors tend to degrade or even fail in high humidity environment. In this work, ultra low dielectric loss was realized by the presented structure at 95%RH. We believe it can work well even at higher humidity.
Conclusion
A capacitive humidity sensor with low leakage loss is proposed. The sensor is selfpackaged and two typical structures of the sensor are reported. Test results show that the sensitivity, hysteresis and linearity of both structures are 12 f F/% vs. 11 fF/%RH, AE2:4%RH vs. AE2:2%RH, and 3.3% vs. 3.9% respectively. Both structures exhibit low dielectric loss and fast response properties.
